Bag1 is a cochaperone for the heat-shock protein Hsp70 that interacts with C-Raf, B-Raf, Akt, Bcl-2, steroid hormone receptors and other proteins. Here we use targeted gene disruption in mice to show that Bag1 has an essential role in the survival of differentiating neurons and hematopoietic cells. Cells of the fetal liver and developing nervous system in Bag1 2/2 mice underwent massive apoptosis. Lack of Bag1 did not disturb the primary function of Akt or Raf, as phosphorylation of the forkhead transcription factor FKHR and activation of extracellular signal-regulated kinase (Erk)-1/2 were not affected. However, the defect was associated with the disturbance of a tripartite complex formed by Akt, B-Raf and Bag1, in addition to the absence of Bad phosphorylation at Ser136. We also observed reduced expression of members of the inhibitor of apoptosis (IAP) family. Our data show that Bag1 is a physiological mediator of extracellular survival signals linked to the cellular mechanisms that prevent apoptosis in hematopoietic and neuronal progenitor cells.
Bag1 is a cochaperone for the heat-shock protein Hsp70 that interacts with C-Raf, B-Raf, Akt, Bcl-2, steroid hormone receptors and other proteins. Here we use targeted gene disruption in mice to show that Bag1 has an essential role in the survival of differentiating neurons and hematopoietic cells. Cells of the fetal liver and developing nervous system in Bag1 2/2 mice underwent massive apoptosis. Lack of Bag1 did not disturb the primary function of Akt or Raf, as phosphorylation of the forkhead transcription factor FKHR and activation of extracellular signal-regulated kinase (Erk)-1/2 were not affected. However, the defect was associated with the disturbance of a tripartite complex formed by Akt, B-Raf and Bag1, in addition to the absence of Bad phosphorylation at Ser136. We also observed reduced expression of members of the inhibitor of apoptosis (IAP) family. Our data show that Bag1 is a physiological mediator of extracellular survival signals linked to the cellular mechanisms that prevent apoptosis in hematopoietic and neuronal progenitor cells.
Proteins of the Bag family contain an evolutionarily conserved BAG domain that allows them to bind and modulate the activity of Hsp70-family molecular chaperones [1] [2] [3] [4] . Humans and mice contain six genes encoding the Bag proteins Bag1 (Rap46), Bag2, Bag3 (Bis), Bag4 (Sodd), Bag5 and Bag6 (Scythe) 5 .
Several Bag proteins have been implicated in the control of apoptosis. For example, Bag1 interacts with the antiapoptotic protein Bcl-2 and protects a variety of cell types from apoptosis in vitro 6, 7 . Overexpression of Bag1 in neurons reduces stroke injury 8 in mice and provides enhanced protection of mouse retinas from apoptosis in vivo, but only if coexpressed with Bcl-2 (ref. 9 ). Bag3 (Bis) also interacts with Bcl-2 and reduces apoptosis when coexpressed with that protein (ref. 10 ). Bag4 (Sodd) associates with certain receptors of the tumor necrosis factor family and blocks their signaling 11, 12 . Bag6 (Scythe) regulates a nuclear pathway that communicates with mitochondria and regulates their release of cytochrome c, thereby controlling apoptosis 13, 14 .
The mechanisms by which Bag1 inhibits apoptosis are poorly understood, and the physiological role of this protein during development is undefined. In addition to associating with Bcl-2, Bag1 may act as a scaffold protein that binds C-Raf, and possibly B-Raf, at the mitochondrial surface 15, 16 . In this context, C-Raf could act as an effector kinase that phosphorylates Bad and other kinases, including Akt, that have been shown to act as specific kinases for Bad 17, 18 . The consequent dissociation of Bad from Bcl-X L seems to be essential for the survival of neurons and other types of cells that depend on exogenous survival factors. Mice in which Ser112, Ser136 and Ser155 of Bad have been mutated are viable but show enhanced cell death after exposure to proapoptotic stimuli and have a reduced threshold for cytochrome c release, thus underlining the importance of Bad for cellular survival 19 . Nevertheless, the extent of developmental cell death in those mice is much less than in mice in which the B-Raf kinase has been inactivated 20 .
In addition to their role in apoptosis, Bag proteins are involved in other cellular functions. A longer isoform of Bag1 containing nuclear targeting sequences associates with several steroid hormone receptors and regulates their transcriptional activity 21 . Both the shorter cytosolic Bag1 and the longer nuclear Bag1L are cochaperones for Hsp70 (refs. 1,22,23) . In this regard, Hsp70 has a protective role in vivo 24 , but the relative importance of Bag1 in regulating apoptosis in vivo is unknown.
Here, we examined for the first time the in vivo function of a Bagfamily gene using targeted gene ablation in mice. Inactivation of the Bag1 gene has notable consequences for the survival of hematopoietic and neural stem cells, as massive cell death occurred in association with loss of Bad phosphorylation at Ser136. Notably, phosphorylation of Bad at Ser112 and Ser155 was not altered. Akt kinase activation remained unchanged, and phosphorylation of the forkhead-related transcription factor FKHR, a specific substrate of Akt kinase, was normal, indicating that Bag1 is not necessary for the activation of Akt. Nevertheless, Bag1 was present as a complex with both B-Raf and Akt in vivo, and formation of this complex was impaired in Bag1 À/À mice. Our findings show that Bag1 is essential for survival of stem cells in the developing brain and hematopoietic system and is thus a physiological mediator of the extracellular survival signals that prevent apoptosis.
RESULTS
Targeted inactivation of the mouse Bag1 locus A targeting vector was designed and constructed to delete the first two coding exons of Bag1 (Fig. 1a) . This strategy was chosen to disrupt the expression of all known isoforms of Bag1 (p29, Bag1S and Bag1L) 25 that are generated by alternative use of start codons (Fig. 1a) . G418-resistant embryonic stem cell clones were isolated and screened by PCR for homologous recombination. Out of 480 clones, three showed the expected band (data not shown) and were subjected to diagnostic Southern blot analysis with a probe corresponding to the 5¢ flanking region of the recombination construct (Fig. 1b) . All three embryonic stem cell clones showed a 2-kb band corresponding to a mutant Bag1 allele (Fig. 1b) . After injection of these recombinant embryonic stem cell lines into C57Bl/6 blastocysts, germline-transmitting chimaeras were bred with C57Bl/6 females to generate F 1 hybrid (129/SJ Â C57Bl/6) heterozygotes. Bag1 +/À mice were viable and fertile. The Bag1 mutation was transferred to a C57Bl/6 background by further crossbreeding with C57Bl/6 wild-type mice for more than three generations.
Intercrossing of heterozygous animals did not yield live offspring with a Bag1 À/À genotype (n ¼ 28 matings), and Bag1 +/À animals were indistinguishable from wild-type littermates. Thus, the mutant allele behaved as a recessive trait that is essential for mouse development. Genotyping of mice from heterozygous intercrosses at embryonic day 12.5 (E12.5) demonstrated that Bag1 À/À embryos were still present and viable (Fig. 1c) . In contrast, all Bag1 À/À embryos were highly growthretarded at E13.5, and death of these animals was observed between E12.5 and E13.5 (Fig. 1d) . Whereas the percentages of Bag1 À/À mice at E10.5 and E11.5 corresponded approximately to the expected 25%, the percentage was reduced at E12.5, and only 1% of Bag1 À/À mice were alive at E13.5. Western blot analysis of E12.5 embryos showed that disruption of the Bag1 gene led to a complete loss of all known Bag1 isoforms (p29, p32 and p50; Fig. 1e ).
Bag1 À/À embryos have liver and nervous system defects At E12.5, Bag1 À/À mice had normal body size compared with their heterozygous and wild-type littermates (Fig. 2) . Histological analysis showed abnormalities in the fetal liver and forebrain corresponding to the onset of endogenous expression, which was observed at E11.5 with the highest levels in the nervous system and liver 26 . The fetal livers of Bag1 À/À embryos were smaller than those of their Bag1 +/À and Bag1 +/+ littermates, suggesting a defect in hematopoiesis. Bag1 À/À embryos were also anemic (Fig. 2a) as a result of macroscopically detectable defects in erythropoiesis in the fetal livers. In the nervous system, formation of the telencephalic vesicles, which form a major part of the forebrain, was severely disturbed (Fig. 2a) , and the neuroepithelium forming the telencephalic vesicles was substantially reduced in size (Fig. 2b) . The spinal cord and dorsal root ganglia were present, but the mantle zone of the spinal cord was much thinner than the inner epithelial zone consisting of the ependyma and periependymal cells (Fig. 3a) .
In situ TUNEL and propidium iodide staining showed massive apoptosis in the fetal livers of Bag1 À/À mice ( Fig. 2d) and significantly (P o 0.001) greater apoptosis in the fetal brains compared to Bag1 +/+ controls (Fig. 2e,f) . Quantification of embryonic liver cells with apoptotic nuclei after propidium iodide staining showed that 94.2 ± 6.1% of nuclei were apoptotic in Bag1 À/À embryos at E12.5, compared with 0.2 ± 0.2% in wild-type embryos. Similar results were obtained by TUNEL staining.
We also quantified cell death in the forebrains of Bag1 +/+ , Bag1 À/À , Braf +/+ and Braf À/À embryos. In control Bag1 +/+ and Braf +/+ forebrains, 1.8 ± 0.5% and 1.7 ± 0.5% of nuclei, respectively, were propidium iodide-positive and were shown by DAPI staining to be condensed. In contrast, 15.1 ± 1.3% and 6.5 ± 0.8% of cells in Bag1 À/À and Braf À/À forebrains, respectively, had propidium iodide-positive, condensed nuclei (Fig. 2e,f) . The first indications of cell death in the neuroepithelium were detected at E10.5 by caspase-3 staining ( Supplementary Fig. 1 online) .
Altered survival response of cultured Bag1 À/À motoneurons In mice, motoneurons become postmitotic between E10 and E13, and during the subsequent 5-10 d, about half of the newly generated neurons undergo apoptosis 27 . This pattern of physiological cell death allowed us to investigate the role of Bag1 in endogenous regulatory pathways for cellular survival. We isolated motoneurons from Bag1 À/À mice and tested their response to neurotrophic factors. The number of motoneurons that could be isolated from the lumbar spinal cords of E12.5 Bag1 À/À embryos was significantly (Fig. 3b,c) . The isolated neurons were plated onto laminin-coated culture dishes and incubated with the neurotrophic factors glial-derived neurotrophic factor (GDNF), brainderived neurotrophic factor (BDNF) or ciliary neurotrophic factor (CNTF) (1 ng/ml each). More than 45% of the originally plated wild-type motoneurons could be supported by these neurotrophic factors over a period of at least 7 d in culture, whereas survival was severely reduced in Bag1 À/À motoneurons (Fig. 3d,e) . Motoneurons from Bag1 +/À mice showed similar survival responses as did wild-type neurons.
Enhanced death of neuronal precursor cells in Bag1 À/À mice Bag1 promotes neuronal differentiation in the immortalized neuronal CSM14.1 cell line 28 . We therefore investigated whether Bag1 influences differentiation of motoneurons in developing embryos by analyzing spinal cord sections with neuronal markers, including nestin, islet-1/2 and p75 NTR . The number of spinal motoneurons with islet-1/2-stained nuclei was significantly (P o 0.05) lower in Bag1 À/À embryos than in wild-type embryos (Fig. 3a) . Motoneurons that expressed p75 NTR were still present in Bag1 À/À mice, although the number of these cells was also reduced in spinal cord sections of the Bag1-deficient mice (Fig. 3a) . These p75 NTR -positive neurons also stained positively for neurofilament-M (data not shown). Staining of E11.5 and E12.5 spinal cord sections showed a reduction of nestin-positive neural precursor cells in Bag1 À/À mice, particularly in the population of motoneuronlike cells that had already migrated from the ventrolateral part of the spinal cord (Fig. 3a) . This phenotype was discrete at E11.5 but became prominent at E12.5.
To investigate the role of Bag1 in neuronal differentiation in more detail, we isolated neural stem cells from the forebrains of E11.5 Bag1 À/À embryos. Initial growth and survival of neurospheres from E11.5 Bag1 À/À and Bag1 +/+ littermates were not significantly different when the cells were cultured with basic fibroblast growth factor and epidermal growth factor on uncoated cell culture dishes to prevent differentiation. After six passages, the cells were transferred to laminin-coated culture dishes to allow differentiation. The attached cells were fixed 24 h after plating and analyzed with nestin-specific antibodies (Fig. 4a) for the presence of neural precursor cells and neurofilament-M-specific antibodies for neuronal differentiation (Fig. 4b) . The cells were also labeled with propidium iodide to determine the number of apoptotic cells (Fig. 4c,d . Neurospheres from Bag1 +/À embryos contained 10.4 ± 1.0% neurofilament-M-positive cells, whereas only 2.6 ± 0.9% of Bag1 À/À neurospheres were positive for neurofilament-M (P o 0.001; Fig. 4b ,e). In contrast, the numbers of nestin-positive cells were similar in control and Bag1 À/À neurospheres (Fig. 4a) . The proportion of apoptotic nuclei, as determined by propidium iodide staining, was significantly higher in Bag1 À/À cells than in Bag1 +/À cells (4.5 ± 1.3% versus 0.5 ± 0.3%, P o 0.001; Fig. 4f ).
Pax6 and doublecortin are markers of undifferentiated and early differentiating neurons, respectively. To more clearly define the stage of differentiation at which the enhanced cell death in the Bag1 À/À neurons occurs, we determined the number of Pax6-positive and doublecortinpositive cells in the forebrain ( Supplementary Fig. 2 ). There was a more than 100-fold reduction in the number of Pax6-positive cells in differentiating Bag1 À/À neural stem cell cultures compared to Bag +/+ cultures after 48 h. The number of early postmitotic doublecortinpositive cells was also reduced from 5,062 ± 570 in control cells to 2,058 ± 617 in Bag1 À/À cultures. At that time, the total number of cells was reduced more than threefold in Bag1 À/À cultures ( Supplementary  Fig. 2 ), whereas the number of cells with condensed nuclei was significantly (P o 0.01) enhanced ( Supplementary Fig. 2 ). Thus, the low percentage of neurofilament-M-positive neurons seems to result (Fig. 4g-j) . This experiment was done to exclude the possibility that Bag1 deficiency leads to defects at earlier stages of development before neural stem cells differentiate, so that the observed phenotype would be caused by indirect effects or selection of different cell populations. The transfection efficiency for the neural stem cells with an eGFP-C1 reporter plasmid was 54.6 ± 4.6%. Quantification of the western blots from neural stem cells transfected with the Bag1 RNAi Figure 3 Differentiation and survival of spinal motoneurons is impaired in Bag1 À/À embryos. (a) Vibratome sections through lumbar spinal cords of E11.5 and E12.5 embryos from Bag1 +/À intercrosses were stained with antibodies to the neuronal markers islet-1/2 (E11.5), p75 NTR (E12.5) and nestin (E12.5). Lines mark borders of the neural tubes. Staining of motoneuron nuclei for all markers was lower in Bag1 À/À than in wild-type embryos. All scale bars: 100 mm. (b) The number of p75-positive motoneurons was significantly lower in serial vibratome sections from Bag1 À/À mice than in sections from wildtype mice. ***, significant at P o 0.001. (c) After a 30-min panning period with p75 NTRspecific antibodies, the number of motoneurons isolated from lumbar spinal cords of E12.5 embryos was determined. Spinal cords of Bag1 À/À embryos had significantly fewer motoneurons than did wild-type spinal cords (P o 0.05). (d) Motoneurons were plated at a density of 2,000 cells/well, and survival was determined after 7 d in culture. Survival rates of Bag1 À/À motoneurons were significantly lower than those of wild-type motoneurons, irrespective of the neurotrophic factor that was added (BDNF, GDNF or CNTF). **, P o 0.01; ***, significant at P o 0.001. (e) Morphology of motoneurons isolated from Bag1 +/+ and Bag1 À/À embryos after 7 d in the presence of BDNF in vitro. The surviving Bag1 À/À neurons displayed motoneuron-specific characteristics, such as a long axon-like process and shorter dendritic processes. Scale bar: 100 mm. oligonucleotide showed a reduction of Bag1 protein levels to 45.3 ± 6.8% of the Bag1 levels in cells transfected with the respective scrambled RNAi. Given the transfection efficiency, this indicates a nearly complete loss of Bag1 within successfully transfected cells (Fig. 4i,k) . Immunohistochemical detection of Bag1 in differentiating neural stem cells transfected with the scrambled RNAi demonstrated that Bag1 was present in all cells. When the Bag1 RNAi was transfected, Bag1 protein became undetectable in a number of cells. These cells had condensed nuclei, indicating that cell death occurred when Bag1 was downregulated ( Supplementary Fig. 3 ). When these cells were allowed to differentiate for 2 d on laminin in the absence of epidermal growth factor or basic fibroblast growth factor, the number of propidium iodide-positive cells was significantly (P o 0.05) higher in neural stem cells transfected with Bag1 RNAi (5.7 ± 2.7%) than in cells transfected with scrambled RNAi (1.0 ± 1.1%) or pEGFP-C1 vector alone (0.9 ± 0.9%). Although the number of propidium iodide-positive cells increased, the number of neurofilament-M-positive cells dropped significantly (P o 0.01) in neural stem cells transfected with Bag1 RNAi (6.4 ± 2.2%) compared with cells transfected with scrambled RNAi (14.2 ± 0.9%) or eGFP-C1 (13.2 ± 1.0%). We concluded that Bag1 is required for survival of differentiating neural stem cells and that gene ablation and acute interference with gene expression lead to similar phenotypes in cultured stem cells derived from E11.5 mouse forebrain. Immunohistochemistry of E11.5 spinal cord and brain sections with antibodies for Pax6 and doublecortin showed that the number of Pax6-positive cells with condensed nuclei was significantly (P o 0.01) higher in Bag1 À/À embryos compared to Bag1 +/+ embryos (Fig. 5,  Supplementary Fig. 4 and Supplementary Table 1) , whereas the number of more differentiated doublecortin-positive cells with condensed nuclei was not (Fig. 5 and Supplementary Fig. 4 ).
Bag1
The Raf-Erk signaling pathway is not disturbed in Bag1 À/À cells To study the molecular mechanisms of altered neural and hematopoietic stem cell survival in more detail, we investigated the Raf/mitogen-activated protein kinase (MAPK) signaling pathway because Bag1 is known to interact with C-Raf. Phosphorylation of Erk-1/2 was similar in livers from Bag1 +/+ and Bag1 À/À mice (Fig. 6a,b) and in primary embryonic fibroblasts derived from Bag1 +/+ and Bag1 À/À embryos. We then tested the activation of the MAPK pathway by stimulating primary fibroblasts from Bag1 +/+ and Bag1 À/À embryos with insulinlike growth factor-1. Erk-1/2 activation was normal under these conditions (Fig. 6b) .
Absence of Bag1 disturbs Bad phosphorylation at Ser136
Phosphatidylinositol 3-kinase (PI3K) is important for the upregulation of IAPs 29 and the activation of Akt. We therefore investigated the phosphorylation of Bad (Fig. 6) , a target of Akt and a potential substrate of a complex between C-Raf and Bag1 (ref. 15) . Bad phosphorylation at Ser136 was not detectable by western blot analysis of Bag1 À/À liver extracts using phosphorylation-specific antibodies (Fig. 6c) . Similar results were obtained with E11.5 brain extracts (Fig. 6d) . In contrast, phosphorylation at Ser112 and Ser155 was not affected by Bag1 ablation (Fig. 6c,d ), suggesting that Bag1 is essential for phosphorylation of Bad at Ser136 in vivo.
We have shown that B-Raf is essential for the survival of developing neurons 29 . To investigate the role of B-Raf in this context, we compared Bad phosphorylation in protein extracts from E11.5 Bag1 +/+ , Bag1 À/À , Braf +/+ and Braf À/À brains. Pull-down assays for Bad demonstrated an absence of Ser136 phosphorylation in Bag1 À/À and Braf À/À brains, whereas the phosphorylation of Ser112 and Ser155 remained unaffected (Fig. 6e) .
Bag1 deficiency does not disturb Akt activity
Akt and other kinases phosphorylate Bad at Ser112, and Akt specifically phosphorylates Bad at Ser136 in response to activation of the PI3K pathway 17 . We therefore tested whether the absence of Bag1 protein leads directly or indirectly to abnormalities in Akt kinase activation. Analysis of Bag1 +/+ and Bag1 À/À fetal liver and brain extracts showed that Akt phosphorylation at Thr308 and Ser473 was normal (Fig. 6e) . These sites are known to activate Akt in response to PI3K, a mechanism that seems important in coupling tyrosine kinase signaling to Bad phosphorylation and thereby preventing cellular apoptosis. Thus, the pathway that leads to activation of Akt kinase seems to be intact in Bag1 À/À animals.
We then investigated whether Akt kinase activity is impaired by testing phosphorylation of the forkhead homologous transcription factor FKHR, a specific target of Akt kinase 30 . FKHR phosphorylation was indistinguishable in E12.5 Bag1 À/À and Bag1 +/+ brains and livers (Fig. 6e) , indicating that Bag1 deficiency does not reduce Akt kinase activity. Thus, the lack of Bad phosphorylation at Ser136 is caused by mechanisms other than a general defect in activation and enzymatic activity of Akt. Altered expression of IAPs in Bag1 À/À embryos Previous studies have shown that neurotrophic factor-mediated survival of developing neurons depends on B-Raf and induction of IAPfamily gene expression 20 . Similar observations were made in studies investigating the survival of endothelial cells in response to vascular endothelial growth factor 29 . We therefore studied the expression of IAPs in developing brains and fetal liver hematopoietic cells of E12.5 Bag1 À/À embryos. Expression of IAP-2 ( Fig. 6g) and X-IAP (Fig. 6h) was much lower in Bag1 À/À embryos than in wild-type embryos. In contrast, IAP-1 (Fig. 6f) expression was reduced only in the livers, not the brains, of Bag1 À/À embryos.
Disturbed B-Raf, Akt and Bad association in Bag1 À/À cells C-Raf specifically interacts with Bag1, and it has been suggested that C-Raf phosphorylates Bad at as-yet-unidentified serine residues 15, 31 . Notably, B-Raf seems to be more important than C-Raf for survival of developing neurons 20 , and Braf À/À mice resemble Bag1 À/À mice in that the survival response of Braf À/À mice to neurotrophic factors in embryonic motoneurons is strongly reduced and expression of members of the IAP gene family is disturbed 20 . We therefore analyzed whether B-Raf also interacts with Bag1. In PC12 pheochromocytoma cells, endogenous B-Raf and Bag1 both interacted with Hsp70 (Fig. 7a) , and B-Raf and Bag1 mutually coimmunoprecipitated (Fig. 7b,c) . The same effect was observed for C-Raf but not for A-Raf. We also investigated the coimmunoprecipitation of B-Raf and Akt, on the basis of a prior report suggesting that these two kinases associate within a protein complex 20, 32 . When endogenous B-Raf or Bag1 were precipitated from PC12 cells, we detected Akt (Fig. 7d) , thus confirming data on the interaction of Akt and B-Raf after overexpression in HEK293 cell extracts 33 .
To further analyze the interactions between Bad, Akt, B-Raf and Hsp70 in wild-type and Bag1 À/À cells, we prepared protein lysates from E11.5 Bag1 heterozygous intercross embryos. In wild-type brain extracts, we observed a strong interaction between B-Raf and Akt (Fig. 7e) . This interaction was absent in Bag1 À/À embryos (Fig. 7e) , indicating that either Bag1 acts as a scaffold to bring these two kinases into one complex, or the cochaperone activity of Bag1 is required for formation of this complex. The interaction between Akt and Bad was weaker in brain extracts from Bag1 À/À mice (Fig. 7) , and the interaction between Bad and Hsp70 was absent in extracts from Bag1 À/À embryos (Fig. 7f) , suggesting that Hsp70 and Bag1 form a complex that brings Akt close to its target, Bad. This was confirmed by our observation that the interaction between B-Raf and Hsp70 was disrupted in extracts from Bag1 À/À embryos (Fig. 7f) .
We did additional immunoprecipitation experiments to determine whether B-Raf also interacts with Bad. Using antibodies to B-Raf, the Bad protein could be coprecipitated in extracts only from wild-type (Fig. 7h) . The expression of Bad did not differ between controls and Bag1 À/À embryos.
Altered distribution of B-Raf and Akt in Bag1 À/À neurons
To investigate the expression and subcellular distribution of Akt and B-Raf in Bag1 +/+ and Bag1 À/À cells, we focused on motoneurons, as these cells depend on survival signaling at E11.5 and can easily be identified in the developing spinal cord. In wild-type animals, most phosphorylated Akt (P-Akt) immunoreactivity colocalized with cytochrome c oxidase at mitochondria-like structures in the cytoplasm (Fig. 8) . In contrast, in Bag1 À/À motoneurons, P-Akt was diffusely distributed in the cytoplasm and was much less enriched at mitochondria (Fig. 8) . Similar results were obtained for subcellular distribution of B-Raf (Fig. 8d,f) . We quantified the pixels in the P-Akt and B-Raf immunohistochemical stains that overlapped with cytochrome c oxidase immunoreactivity in control and Bag1 À/À cells. This analysis showed a reduction in the localization of P-Akt or B-Raf at mitochondria in the Bag1 À/À motoneurons (Fig. 8g,h) . Thus, Bag1 seems to be important for concentrating B-Raf and Akt at mitochondria 33 , where phosphorylation of Bad and probably the activation of pathways leading to IAP upregulation are expected to occur.
DISCUSSION
Here we report that knocking out the Bag1 gene in mice causes massive cell death in the embryonic liver and severe defects in the differentiation and survival of neuronal cells. In the nervous system, enhanced cell death occurs in Pax6-positive neural stem cells. The abnormal cell death of neural stem cells and hematopoietic precursor cells correlates with the absence of phosphorylation of the proapoptotic protein Bad at Ser136. This site has been recognized as a specific target for Akt after activation by neurotrophic and other prosurvival signals involving tyrosine kinase receptors and PI3K stimulation. In addition, the expression of X-IAP and IAP-2 is reduced in Bag1-deficient brains, as previously observed in Braf À/À mice 20 . The function of Raf kinases in the activation of MEK and ERK is not blocked by the absence of Bag1, and phosphorylation of the forkhead transcription factor FKHR, a specific target of the Akt kinase, is unchanged. However, the absence of Bag1 alters the subcellular distribution of B-Raf and Akt, which may have disturbed the function of these kinases in phosphorylating Bad at Ser136, a process that takes place at mitochondria 19 .
Bag1 was originally identified as a Bcl-2-interacting protein that potentiates the survival-promoting activity of Bcl-2 (ref. 15) . Bag1 also specifically interacts with C-Raf and, as shown here, with B-Raf but not with A-Raf. Binding of C-Raf to Bag1 stimulates its kinase activity and thus potentiates signals for cellular growth and differentiation. It has therefore been hypothesized that mitochondrial Raf, activated by a Bag1-dependent mechanism, acts as an effector kinase for Bcl-2 by phosphorylating targets such as Bad 15 . However, knocking out the Bcl2 gene does not enhance apoptosis of developing motoneurons 34 , which are severely affected in Bag1 À/À embryos, suggesting either that other members of the Bcl-2 family also interact with Bag1 and thus compensate for Bcl-2 deficiency or that Bag1 mediates neurotrophic survival effects independently of Bcl-2 in developing neurons. Phosphorylation of Bad leads to its dissociation from a complex with Bcl-X L at the mitochondrial surface, and Bad is then sequestered to the cytosol by the phosphoserine-binding protein 14-3-3 (ref. 35) . In another experimental procedure, deficiency of merosin led to decreased levels of Bag1 and reduced levels of Bad phosphorylation 36 . Thus, this process seems to be important for cellular survival, particularly that of neurons and hematopoietic cells. The phenotype of Bag1 À/À mice observed in our study is therefore It has been hypothesized that Raf kinases also phosphorylate Bad in parallel or together with Akt. However, attempts to identify specific sites in Bad that are phosphorylated by C-Raf in vivo have not been successful. In vitro phosphorylation of recombinant Bad at Ser136 by C-Raf occurs with low efficiency, in contrast to the more robust phosphorylation of Bad by activated Akt 31 . Nevertheless, B-Raf also seems to be essential for neuronal survival, as isolated neurons from Braf À/À mice cannot survive in the presence of neurotrophic factors 20 . Braf À/À brain extracts also showed a strong reduction in Bad phosphorylation at Ser136, similar to what is observed in the Bag1 À/À brain and liver extracts. It remains to be determined whether Akt or B-Raf is responsible for Bad Ser136 phosphorylation. The observation that Ser136 phosphorylation is also reduced in Braf À/À brains suggests that B-Raf in complex with Bag1 is necessary, either directly or indirectly, to phosphorylate Bad at Ser136 at the surface of mitochondria.
In the absence of Bag1, a complex between Akt, B-Raf and Hsp70 is disrupted, and B-Raf and Akt kinase lose their contact with mitochondria. These findings suggest that Bag1 has a role in assembly of the B-Raf/Akt/Hsp70 complex, which is important for Bad phosphorylation and other mechanisms that regulate induction and execution of cell death. We do not know whether the functions of Hsp70 and a chaperone complex involving these molecules are deficient in Bag1 À/À cells. Expression of Hsp70 is not decreased in brains and livers of Bag1 À/À mice at E12.5 (Fig. 4a) , when cell death is prominent. Also our finding that activation of the MAPK pathway and FKHR phosphorylation was normal suggests that Bag1 is not necessary for the activity of Raf and Akt. On the other hand, we cannot exclude the possibility that the presence of Bag1 and Hsp70 is necessary for the activity of B-Raf and Akt, specifically in the context of Bad phosphorylation at Ser136. Alternatively, Bag1 and Hsp70 may be necessary for changing the conformation of Bad so that Ser136 is accessible for phosphorylation by Akt or B-Raf. We therefore propose a model in which Bag1 and Hsp70 must be present in a complex at the surface of mitochondria to allow phosphorylation of Bad at Ser136 by Akt and/or B-Raf (see model in Supplementary Fig. 5 ). If such a complex exists, it will be interesting to study the activity of the kinases in this complex.
Although Bag1 is required for proper targeting of Raf kinases and Akt to the mitochondria and for Bad Ser136 phosphorylation, the absence of Bag1 probably has other effects on cell survival. In this regard, mice in which Ser112, Ser136 and Ser155 of Bad are mutated to alanine residues show enhanced cell death under various conditions, although the phenotype of these mice is much less severe than the phenotype of Bag1 À/À or Braf À/À mice 19 . This indicates that Bad phosphorylation at Ser136 is not the only event regulating the survival of neuronal and hematopoietic cells. In contrast to Bad-mutant mice, Braf À/À mice show excessive cell death, particularly in the nervous system, and thus resemble Bag1 À/À mice.
Neurotrophin-induced expression of IAPs is essential for neuronal survival, and this survival pathway is also dependent on B-Raf 37 . We observed here that IAP gene expression is disturbed in Bag1 À/À embryos in a manner similar to that seen in Braf À/À mice 20 . IAP gene expression is regulated by NFkB 38 , and the massive cell death in the livers of Bag1 À/À embryos resembles that of mouse mutants with disturbed NFkB signaling. RelA-deficient mice die at E15 to E16 by massive apoptosis in liver cells 39 . However, in contrast to Bag1 À/À mice, no major defects are observed in the developing brains of RelA-mutant mice, and the erythropoietic cells in the livers of RelA-deficient mice are unaffected compared to Bag1 À/À mice. It remains to be determined whether this finding is related to the observation that additional signaling pathways are affected in Bag1 À/À mice, such as the pathway leading to Bad phosphorylation at Ser136.
Notably, the initial development and generation of neuronal precursor cells is much less affected in Bag1 À/À mice before neuronal cells differentiate and become postmitotic. This observation suggests that Bag1 becomes important at a crucial point of development at which neurons and other cells become competent to die 40 . The observation that phosphorylation of ERKs is normal in Bag1 À/À mice is consistent with the observation that general growth of the embryos is not significantly altered up to E12. We previously observed that most of the B-Raf and C-Raf kinase immunoreactivity in postmitotic motoneurons is localized at mitochondria 20 . Our finding here that C-Raf and B-Raf coprecipitate with Bag1 suggests that Bag1 becomes highly important for these postmitotic cells after they become competent to die. The observations that the subcellular distribution of Akt kinase also changed and that much less Akt kinase is located at mitochondria of (g,h) Overlapping pixels of the signal for cytochrome c oxidase and P-Akt (g) or B-Raf (h) were quantified using a channel plot overlap probability function. There was a reduction in overlay of pixels for P-Akt and cytochrome c oxidase (g) and for B-Raf and cytochrome c oxidase (h). Scale bars: 100 mm for a,b; 5 mm for c-f. ***, significant at P o 0.001; *, significant at P o 0.05.
Bag1 À/À neurons could provide an explanation for the massive apoptosis that occurs at this developmental stage in Bag1 À/À mice.
In conclusion, the phenotype of Bag1 À/À mice suggests that this molecule has a central role in the survival of neurons and other cell types once they become competent to die. The interaction of Bag1 with steroid receptors, Hsp70 and Raf kinases provides a structural counterpart to the observation that cellular signaling pathways involving these molecules work together to regulate cellular survival. The absence of Bag1 disrupts such coordinated functions and eventually results in massive apoptosis in the nervous system and other organs during development.
METHODS
Generation of Bag1 À/À mice. The procedure for generating Bag1 À/À mice is described in detail in the Supplementary Methods. All animal procedures were approved by the Bavarian State authorities for animal experimentation.
Cell culture techniques. Cultures of spinal motoneurons from E12.5 mice were prepared by a panning technique using a monoclonal rat antibody to p75 NTR (Chemicon) according to a previously published method 20 .
PC12 cells were propagated under standard medium conditions (DMEM with 10% horse serum and 5% fetal calf serum). For the immunoprecipitation experiments, the cells were synchronized at low serum and treated for 24 h with nerve growth factor. The cells were then lysed (5 Â 10 6 cells for each immunoprecipitation experiment initially), and the extracts were treated with the indicated antibodies.
Cultures of neurospheres from E12.5 and 11.5 mice were prepared by dissecting the forebrain as described in detail in the Supplementary Methods.
Primary embryonic fibroblasts were isolated from E12.5 Bag1 +/+ and Bag1 À/À single embryos using standard techniques as described in the Supplementary Methods. The embryos were decapitated and the intestinal organs removed. The embryo bodies were then washed three times in PBS and treated with 0.1% trypsin/EDTA (Invitrogen) for 10 min at 37 1C. Each single embryo body was passed through a 21-gauge needle, and the cells were transferred to individual culture dishes. The plates were filled with DMEM containing 10% fetal calf serum and 1% nonessential amino acids (Invitrogen). Cells were passaged three times and then grown on individual 10-cm cell culture plates under low-serum conditions (0.5% fetal calf serum) for 24 h before stimulation with insulin-like growth factor-1 for the indicated times.
Protein isolation, western blotting and immunoprecipitation. Embryonic tissue was obtained from litters derived from intercrosses of Bag1 +/À mice. After lysis in radioimmunoprecipitation assay buffer, electrophoresis and blotting, the membranes were stained with Ponceau S (Sigma) to mark molecular mass standards. For immunoprecipitation, tissue or cell extracts were precleared with protein A-Sepharose and then incubated with 1 mg/ml antibodies to Akt, B-Raf or Bad (New England Biolabs/Cell Signaling) or antibody to Bag1 (Santa Cruz Biotechnology) overnight. Precipitates were processed according to standard protocols 32 for further western blot analysis.
Immunofluorescence analysis of cell cultures and tissue sections of embryonic mice. Vibratome sections and cell cultures derived from E11.5 and E12.5 embryos from Bag1 +/À intercrosses were processed for immunostaining and confocal microscope analysis (described in detail in Supplementary Methods).
RT-PCR for IAP-1, IAP-2 and X-IAP. RNA from brains and livers of E12.5 mice was isolated by TRIzol reagent (Invitrogen). For each RT-PCR reaction, 10 ng of RNA was used. RT-PCR was done according to the manufacturer's instructions (Invitrogen) with random hexamer primers. The primer sequences used to amplify IAP-1, IAP-2, X-IAP and elongation factor-1 were designed according to earlier published sequences 20 .
Statistical analyses. Neuronal counts were expressed as means ± s.e.m. or s.d., as indicated. Statistical significance was assessed by the Student t-test or ANOVA followed by the Bonferroni test, using GraphPad Prism software.
The channel plot overlap probability function from Leica was used to quantify the overlapping immunohistochemical signals.
